Combining the sol-gel method for fiber material production with the granulated silica method for preform assembly results in a robust method that offers a high degree of freedom regarding both the composition and the geometry of the produced fiber. Using this method, two types of Yb-doped silica glass composition, that feature an excess in P concentration with respect to Al, have been prepared. The elemental distributions in a fiber core were analyzed by scanning transmission electron microscopy (STEM). The elemental mapping shows a similar localization of Al, P and Yb through the microstructure. In addition, the influence of the variation in the co-dopant concentration, with respect to Yb, on the fiber properties has been investigated. The results show an increase in the refractive index step and in the fiber's transmission loss as the excess concentration of P increases. A significant contribution to the losses can be assigned to the existence of impurities such as iron, which was detected in our samples by mass spectrometer. Single exponential fluorescence decays with lifetimes of around 0.88 ms were measured for the two compositions. Finally, pumping at 976 nm a laser slope efficiency of 67% at 1031 nm was achieved for one of the fiber compositions.
Introduction
Optical fibers doped with ytterbium (Yb) ions have attracted increasing interest for the development of high-power laser systems for applications requiring bright and high power beams, such as materials processing, medicine and telecommunications [1] [2] [3] [4] [5] [6] . In comparison with other rare-earth (RE) ions, Yb is the favored lasing ion for emission at around 1 µm due to its numerous advantages, such as a simple energy-level diagram with only two electronic multiplets ( 2 F 5/2 and 2 F 7/2 ), a long fluorescence lifetime which provides the benefit of energy storage, and broad absorption and emission bands [7] [8] [9] . However, Yb and RE ions in general tend to form microstructural clusters when doped in silica glass and therefore co-doping with high field strength ions such as aluminum
Fiber Production Method
Most RE doped silica glass fiber preforms for industrial applications are fabricated using the standard modified chemical vapor deposition (MCVD) method, in combination with solution doping, because it gives an excellent degree of achievable purity and low optical loss [22, 23] . However, the MCVD method has geometrical limitations; it is mainly suited to producing fiber shapes with a cylindrical symmetry and limited in core size, because it is difficult to prepare large fiber cores while maintaining the homogeneity of the dopants and co-dopants [24] . These limitations make it challenging to fabricate RE-doped silica based fibers with large mode area (LMA) using the standard MCVD method. Furthermore, with MCVD it is difficult to maintain proper control over the preform/fiber parameters such as the dopant concentration, the usable dopants, and the dopant distribution [25, 26] .
In comparison, the sol-gel based granulated silica method has the potential to overcome some of the fabrication constraints of the conventional techniques by combining the benefits of the sol-gel based granulate/powder with the advantages of the powder-in-tube technique [27] . The advantages of the sol-gel method are mild reaction conditions, such as ambient temperature and pressure, that can be easily maintained [28, 29] . In addition, since the process starts from a solution, materials of high homogeniety can be produced. However, if the sol-gel method is used only to coat the interior of the preform tubes, although one exploits the compositional freedom offered by the method, it does not afford the structural flexibility needed to make micro-structured fiber concepts, such as photonic crystal fibers (PCF) and leakage channel fibers (LCF).
The alternative preform production technology that we have been studying is the granulated silica method. A straightforward approach for this method is the so-called "oxides approach", which is based on mixing the dopant and co-dopant powders with coarse grains of pure silica oxide powder, which offers unprecedented flexibility with respect to the fiber geometry and microstructure [30] . However, this approach suffers from high scattering losses due to the formation of micro-bubbles and glass inhomogeneities as a result of inhomogenously doped powder grains and incomplete diffusion. Nevertheless, due to the attractive flexibility of the granulated silica method, several processes and additional techniques have been introduced to reduce the scattering losses and to obtain a more homogeneous distribution of the dopants and co-dopants in the glass [31] [32] [33] [34] [35] [36] .
Among these techniques is the REPUSIL (reactive powder sintering of silica) process, which mixes fine silica powder with dopants and co-dopants in liquid form [24] . This technique leads to homogeneously doped glasses. However, the efficient and practical way for evacuation from the top of the preform while drawing the fiber, as a result of using a coarse grain size, is lost. Another technique is homogenization by means of stack-and-draw [37] . This method yields very low scattering losses; however, the homogenization is achieved after several cycles of drawing-stacking-consolidation which can be very time consuming.
Our approach is to combine the sol-gel method with the granulated silica method into the so called sol-gel granulated silica approach [38] [39] [40] . This combination offers a high degree of freedom concerning the composition and concentration of dopants and co-dopants, while also giving more control over the fiber geometry and microstructure [30, 34, 40] . This freedom enables a very high level of control over the refractive index of the core, allowing fabrication of optical fibers with a desired refractive index contrast. This approach is very attractive for matching passive to active fibers, and for production of fibers such LMA fibers and LCFs, where a small refractive index contrast between core (LMA) and cladding or core and microstructure (LCFs) is needed. On the counter side, using the sol-gel approach for fiber material production requires an additional material processing step in order to remove all the used solvents and organic material. During such processes, diffusion may occur, resulting in dopant concentration gradients and crystallization, which result in higher transmission losses in comparison with the standard methods. Nevertheless, since we are targeting applications for active fibers with a fiber length of a few meters, not kilometers, the higher losses of the fiber can be afforded and can be compensated for by the gain of the active fiber. 
Method Description
The basic principle and development of the sol-gel based granulated silica method for active fiber production has been previously described in detail in [27, 38, 41] . It starts with mixing silica, dopant, and co-dopant material in the liquid phase. This results in the homogenous dissolving of dopant and co-dopant precursors, and permits high dopant concentrations (up to several at.%) [30] . The simplicity and flexibility of the sol-gel process also enables freedom for adopting varied dopant and co-dopant materials. Furthermore, it has been reported that silica powder based on the sol-gel method can show lower impurities compared to the natural quartz powder which is commonly used for producing pure silica glass [42] . Therefore, the sol-gel method is very well suited to making doped material for the production of rare-earth doped fibers. The sol-gel procedure process is shown in Figure 1 , and described as follow:
• Taking place at room temperature, the sol-gel process starts from a liquid condition by mixing an alkoxide precursor (TEOS) with other dopant precursors.
• By adding distilled water while stirring at moderate temperature, the solution undergoes hydrolysis and condensation, forming a gel at the end.
•
This gel is then dried, resulting in a powder where every grain is homogenously doped. 
Method Description
•
This gel is then dried, resulting in a powder where every grain is homogenously doped. Thereafter, several post-processing steps are applied in order to use the powder and the final granulate together with a slightly adapted powder-in-tube preform assembly for fiber drawing [27] :
• In a first processing step, the powder is heat treated into a powder block, in order to eliminate most OH-groups. Choice of correct heat treatment temperature is of high importance in order to prevent the formation of crystalline structures which could lead to high transmission losses.
The powder block is then milled into granulates and, by sieving the granulates, the grain size can be selected in order to facilitate the evacuation of the preform while drawing. The selected grain size is in the range of 150 µm to 1 mm.
After obtaining the doped granulated silica by the sol-gel method, the following steps take place (see Figure 2 ):
The doped powder is vitrified into a core rod in the drawing tower, before fiber drawing [38, 39] 
The preform is then assembled by placing the vitrified core rod in the center of a large silica tube and filling the gap with pure silica powder.
• Finally, the preform is drawn into a fiber at around 2000 °C. Thereafter, several post-processing steps are applied in order to use the powder and the final granulate together with a slightly adapted powder-in-tube preform assembly for fiber drawing [27] :
The doped powder is vitrified into a core rod in the drawing tower, before fiber drawing [38, 39 ].
• Finally, the preform is drawn into a fiber at around 2000 • C. 
Fabrication of Yb-Doped, Al and P Co-Doped Silica Fibers by the Sol-Gel Granulated Silica Method
For the sol-gel process, we used tetraethyl orthosilicate (TEOS: Si OC H ) as silica precursor, ytterbium(III) nitrate pentahydrate (Yb NO ·5H O) as Yb dopant precursor, and for optically passive co-dopants, the precursors aluminum nitrate nonahydrate (Al NO ·9 H O ) and phosphorus pentoxide (P O ).
In previous work [43] , we have studied the effects of different Al to P concentration ratios on the performance of Yb-doped silica fibers prepared by the sol-gel based granulated silica method. Favored performance was achieved for the composition with a slightly higher P concentration than Al (Al/P = 0.82). In this work, two core compositions have been prepared with Al to P concentration ratio fixed at this optimum ratio (Al/P = 0. 82), but with two different absolute concentrations with respect to 0.3 at.% of Yb concentration. The two compositions were treated at a maximum applied temperature of 1550 °C before drawing, and then drawn into fibers named A1550 and B1550. The powder derived from the sol-gel of one of the compositions was also treated at a maximum temperature of 1200 °C to yield the fiber named B1200 after drawing. The core precursor compositions (given in at.% while neglecting the oxygen content) and heat treatment temperatures for the fibers are listed in Table 1 .
While our production method gives no limitation on the core size, the fibers were drawn with core/cladding diameters of 10/125 µm corresponding to LMA fibers, as a benchmark geometry for testing their different compositions/heat treatment effects. The core and cladding diameters vary from one piece to another by 1 and 2 µm respectively. The fibers were then coated with a low index coating in order to obtain double-clad Yb-doped fibers. Figure 3 shows an image of the cross section of fiber B1200. In previous work [43] , we have studied the effects of different Al to P concentration ratios on the performance of Yb-doped silica fibers prepared by the sol-gel based granulated silica method. Favored performance was achieved for the composition with a slightly higher P concentration than Al (Al/P = 0.82). In this work, two core compositions have been prepared with Al to P concentration ratio fixed at this optimum ratio (Al/P = 0. 82), but with two different absolute concentrations with respect to 0.3 at.% of Yb concentration. The two compositions were treated at a maximum applied temperature of 1550 • C before drawing, and then drawn into fibers named A1550 and B1550. The powder derived from the sol-gel of one of the compositions was also treated at a maximum temperature of 1200 • C to yield the fiber named B1200 after drawing. The core precursor compositions (given in at.% while neglecting the oxygen content) and heat treatment temperatures for the fibers are listed in Table 1 . While our production method gives no limitation on the core size, the fibers were drawn with core/cladding diameters of 10/125 µm corresponding to LMA fibers, as a benchmark geometry for testing their different compositions/heat treatment effects. The core and cladding diameters vary from one piece to another by 1 and 2 µm respectively. The fibers were then coated with a low index coating in order to obtain double-clad Yb-doped fibers. Figure 3 shows an image of the cross section of fiber B1200. 
While our production method gives no limitation on the core size, the fibers were drawn with core/cladding diameters of 10/125 µm corresponding to LMA fibers, as a benchmark geometry for testing their different compositions/heat treatment effects. The core and cladding diameters vary from one piece to another by 1 and 2 µm respectively. The fibers were then coated with a low index coating in order to obtain double-clad Yb-doped fibers. Figure 3 shows an image of the cross section of fiber B1200. 
Measurements and Results

Structural Imaging and Analysis
The atomic distribution of Yb ions, and general elemental distributions in the vitrified core rod of A1550 sample, were observed with aberration-corrected STEM in combination with energy-dispersive X-ray spectroscopy (EDXS). The analysis was performed on Titan Themis 60-300 (FEI/Thermo Fisher Scientific, Eindhoven, The Netherlands) operated at 200 kV high tension and using probe currents of 85 pA for the atomic imaging and 250 pA for the imaging with chemical analysis. The high sensitivity Super-X EDXS detectors (FEI/Thermo Fisher Scientific, Eindhoven, The Netherlands) of the instrument allowed mapping of the distribution of different elements in the fiber core sample.
To prepare the samples for STEM imaging, the core of the fibers was first mechanically crushed into powder using a diamond tip. The powder was then dropped onto a Quantifoil carbon grid, i.e., perforated amorphous carbon films supported on Cu grids. No Argon sputtering was applied during the sample preparation. Figure 4 shows example high-angle annular dark-field (HAADF) STEM images of the vitrified core of sample A1550. Because of the high atomic number of the Yb ions relative to that of the silica matrix, there is strong scattering of electrons from their nuclei to the HAADF detector. Combining this scattering with the STEM imaging using an aberration-corrected sub-Å diameter electron probe, the images show the atomic distribution of Yb ions in the silica matrix. Individual ions are visible as bright dots on the darker background of the silica matrix, similar to the analysis in reference [44] . In the images, the Yb ions are clearly grouped into clusters of~3-6 nm in diameter. Some of the clusters are outlined by red ellipses in order to help the reader distinguish them. 
Measurements and Results
Structural Imaging and Analysis
To prepare the samples for STEM imaging, the core of the fibers was first mechanically crushed into powder using a diamond tip. The powder was then dropped onto a Quantifoil carbon grid, i.e., perforated amorphous carbon films supported on Cu grids. No Argon sputtering was applied during the sample preparation. Figure 4 shows example high-angle annular dark-field (HAADF) STEM images of the vitrified core of sample A1550. Because of the high atomic number of the Yb ions relative to that of the silica matrix, there is strong scattering of electrons from their nuclei to the HAADF detector. Combining this scattering with the STEM imaging using an aberration-corrected sub-Å diameter electron probe, the images show the atomic distribution of Yb ions in the silica matrix. Individual ions are visible as bright dots on the darker background of the silica matrix, similar to the analysis in reference [44] . In the images, the Yb ions are clearly grouped into clusters of ~3-6 nm in diameter. Some of the clusters are outlined by red ellipses in order to help the reader distinguish them. . Aberration-corrected high-angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) images of the fiber core of sample A1550, taken from different regions at slightly different magnifications. The white dots in the images correspond to individual Yb cations contained in the silica matrix; the latter is seen as a more homogeneous, darker background. (Note that the dots are sometimes distorted because of small dynamic motions of the cations under the electron beam used for imaging.) The Yb cations are seen to form clusters~3-6 nm in diameter, rather than being uniformly distributed. Some of these clusters are approximately outlined by red ellipses, to help indicate their presence to the reader. Figure 5 shows the chemical analysis of a region of sample which is similar to those shown in Figure 4 , but chosen to be slightly thicker in order to increase the X-ray signal. In the HAADF image of Figure 5a , clouds of white dots indicate the Yb ion clusters. Confirming that this image interpretation is correct, the EDX spectrum in Figure 5b Map Figure 5d shows the chemical distribution of Yb, which, although noisy because of the very small Yb signal, correlates well with the Yb clusters seen as clouds of white dots in the HAADF image Figure 5a . In contrast, maps for Si and O, Figure 5e ,f respectively, confirm that these two main matrix elements are much more homogeneously distributed, according with the background intensity from the matrix in the HAADF image Figure 5a . In comparison, maps Figure 5g ,h for Al and P, and the composite Al-P map in Figure 5i , show that these two dopants are both localized to each. Furthermore, comparison of their distribution to the Yb clusters seen in the HAADF image shows that the three elements are co-localized together; that is, the Al and P are associated with the Yb clusters. As a final confirmation of this co-localization, the EDX spectrum Figure 5b from the cluster region shows a much higher signal from P and Al relative to the matrix Si signal than that for the spectrum Figure 5c from the Yb-free region of the matrix.
Refractive Index Profiles
The refractive index profile is one of the essential guiding parameters to determine various properties of optical fiber, such as the numerical aperture (NA) and the single mode cutoff. Bubnov [45] , studied the effect of Al and P concentrations on the refractive index in silica glass showing that, individually, each co-dopant would increase the refractive index, but, in combination, the P compensates for the refractive index change arising from the Al [46] .
To confirm the effect of the Al and P concentration on the refractive index steps, an accurate measurement of the refractive index profile is required. Therefore, the refractive index profiles were measured by two different methods. The first one is a self-built inverse refracted near-field technique, which is based on the refracted near-field technique but modified in such a way to allow a two-dimensional (2-D) measurement of the refractive index profile [47] [48] [49] . The second setup is a self-built reflection-based refractive index mapping setup with high measurement accuracy [50] . Figure 6 shows the 2-D refractive index profile of fiber A1550 and Figure 7 shows the refractive index profile of a line scan over the fiber's cross section. The refractive index steps were obtained from the 2-D refractive index profiles by subtracting the average refractive index of a selected area within the core from the average refractive index of a selected area within the cladding. The refractive index steps were measured at 630 nm and, therefore, the NAs were estimated at 630 nm. The measured values and their uncertainties with 95% confidence bounds are listed in Table 2 . The measured refractive index steps correspond well with the Al and P co-dopant concentrations. The smaller the difference between Al and P concentrations, the smaller the refractive index contrast to the pure silica cladding, and thus the smaller the NA. Map Figure 5d shows the chemical distribution of Yb, which, although noisy because of the very small Yb signal, correlates well with the Yb clusters seen as clouds of white dots in the HAADF image Figure 5a . In contrast, maps for Si and O, Figure 5e ,f respectively, confirm that these two main matrix elements are much more homogeneously distributed, according with the background intensity from the matrix in the HAADF image Figure 5a . In comparison, maps Figure 5g ,h for Al and P, and the composite Al-P map in Figure 5i , show that these two dopants are both localized to each. Furthermore, comparison of their distribution to the Yb clusters seen in the HAADF image shows that the three elements are co-localized together; that is, the Al and P are associated with the Yb clusters. As a final confirmation of this co-localization, the EDX spectrum Figure 5b from the cluster region shows a much higher signal from P and Al relative to the matrix Si signal than that for the spectrum Figure 5c from the Yb-free region of the matrix.
To confirm the effect of the Al and P concentration on the refractive index steps, an accurate measurement of the refractive index profile is required. Therefore, the refractive index profiles were measured by two different methods. The first one is a self-built inverse refracted near-field technique, which is based on the refracted near-field technique but modified in such a way to allow a twodimensional (2-D) measurement of the refractive index profile [47] [48] [49] . The second setup is a self-built reflection-based refractive index mapping setup with high measurement accuracy [50] . Figure 6 shows the 2-D refractive index profile of fiber A1550 and Figure 7 shows the refractive index profile of a line scan over the fiber's cross section. The refractive index steps were obtained from the 2-D refractive index profiles by subtracting the average refractive index of a selected area within the core from the average refractive index of a selected area within the cladding. The refractive index steps were measured at 630 nm and, therefore, the NAs were estimated at 630 nm. The measured values and their uncertainties with 95% confidence bounds are listed in Table 2 . The measured refractive index steps correspond well with the Al and P co-dopant concentrations. The smaller the difference between Al and P concentrations, the smaller the refractive index contrast to the pure silica cladding, and thus the smaller the NA. One-dimensional refractive index profile of A1550 fiber (cladding was set to be zero). The scanning line is indicated in Figure 6 , in red.
Transmission Losses
The transmission losses of the fiber cores are determined by a cutback method. Light from a helium-neon laser at 630 nm is modulated using a chopper and launched into one end of the fiber being tested. The light emitted from the other end of the fiber is collected by a large-area photo detector and the resulting signal is amplified by a lock-in amplifier. The fiber is then cut back by a known length and the cleaved end reinserted into the detector assembly. The loss measurement of each fiber was performed over a fiber length of 3.5-4 m. In order to obtain accurate loss measurements, five measurement points (cutbacks) over the fiber length were obtained for each fiber. The transmission loss of each measurement point was then calculated using the following equation:
where and are the detected transmitted power through the fiber before and after the fiber is cut respectively, and ∆ is the length of the cut piece. The average transmission loss for each fiber was then obtained by linearly fitting the five measurement points and calculating its slope.
Since the fibers being tested are double cladding fibers, stripping the cladding modes is essential for obtaining accurate measurements of the transmission losses of the fiber core. In order to do that, a specific length of the coating was removed and the uncoated part was placed in index-matching oil. Since the fibers had big scattering centers which could lead to additional cladding modes as the light propagates in the fiber, the coating was removed towards the fiber end under measurement after every cutback. This allows most of the cladding light (due to in-coupling and scattering) to be refracted away from the fiber. Additional spatial filtering is applied by using a pinhole that is placed between the fiber end and the detector, in order to make sure that only the guided light from the core reaches the detector. The measured transmission losses of the fibers are summarized in Table 3 . Figure 7 . One-dimensional refractive index profile of A1550 fiber (cladding was set to be zero). The scanning line is indicated in Figure 6 , in red. 
Transmission loss (dB/m) = 10 ∆L log 10 P short /P long (1) where P short and P long are the detected transmitted power through the fiber before and after the fiber is cut respectively, and ∆L is the length of the cut piece. The average transmission loss for each fiber was then obtained by linearly fitting the five measurement points and calculating its slope. Since the fibers being tested are double cladding fibers, stripping the cladding modes is essential for obtaining accurate measurements of the transmission losses of the fiber core. In order to do that, a specific length of the coating was removed and the uncoated part was placed in index-matching oil. Since the fibers had big scattering centers which could lead to additional cladding modes as the light propagates in the fiber, the coating was removed towards the fiber end under measurement after every cutback. This allows most of the cladding light (due to in-coupling and scattering) to be refracted away from the fiber. Additional spatial filtering is applied by using a pinhole that is placed between the fiber end and the detector, in order to make sure that only the guided light from the core reaches the detector. The measured transmission losses of the fibers are summarized in Table 3 . Table 3 . Transmission losses of fibers derived from the sol-gel granulated silica method. In our fibers, the main sources of optical loss are optical scattering and impurity absorption. Optical scattering could be a result of doping inhomogeneity and/or scattering centers, such as bubbles or unvitrified powder grains. By lowering the heat treatment temperature to 1200 • C during the post-processing of the powder (derived from the sol-gel), the number of scattering centers can be reduced. Although that is not well reflected by the measured transmission losses of the two fibers (B1550 and B1200) with the two different heat treatment temperatures (1550 • C and 1200 • C), the scattering centers were nevertheless reduced in the latter fiber. This was already evident with the naked eye, with the B1550 fiber visibly showing more scattering centers. Impurity absorption mainly originates from iron (Fe), which can dramatically increase the optical losses of the Yb-doped silica fibers owing to its strong and broad absorption band centered at around 1200 nm. To check for Fe impurities in our fibers, Fe content was measured using a laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS). The measured Fe concentrations are summarized in Table 4 . The significant Fe concentrations detected in our fibers, and especially in A1550, could be the reason (in addition to the optical scattering) for the high transmission losses. In comparison with the loss level of the fibers produced by the state-of-the-art methods, the measured transmission losses of our fibers are higher than the loss level that can be achieved in for example, MCVD, sol-gel, and powder sinter technology, where losses in the range of 0.02-0.05 dB/m can be achieved at 1200 nm [51, 52] . However, due to significant Fe concentration in our fibers which could lead to high absorption at 1200 nm, transmission loss measurements at 1200 nm are in progress in order to have a direct comparison with the other state-of-the-art methods. Table 4 . Fe concentrations in the fibers derived from the sol-gel based granulated silica method.
Fiber
A1550 B1550 B1200
Fe concentration/ppm 18 ± 1.9 9 ± 1.28 11 ± 1.34
Fluorescence Lifetime
One of the most important features of Yb is its associated long upper-level excited state lifetime that allows the storage of large energies in the excited state. The excited state lifetime of Yb ions can be as long as 2 ms [53] . However, the lifetime is strongly dependent on the host material; depending on this, several mechanisms can lead to the broadening of the spectral line-width of transitions which shortens the fluorescence lifetime of the Yb ions. The shortening of the excited state lifetime is a result of homogeneous broadening of the spectral line-width due to interactions between the Yb ions with the host lattice via phonons, and of inhomogeneous broadening due to site-to-site variation of the ligand field around the Yb ions [54] .
In silica glass, the excited state lifetime is in the order of 1 ms. Nevertheless, additional unwanted mechanisms, such as energy transfer between Yb ions, can result in quenching of the overall intensity of the fluorescence [55] . These quenching processes can be apparent as a further reduction in the fluorescence lifetime of the excited Yb ions in silica [56] . Therefore, the measurement of the excited state lifetime is of high importance, as it indicates whether there is significant quenching of the excited Yb ions, which could consequently influence the laser performance of an Yb-doped fiber.
To measure the fluorescence lifetimes at the maximum Yb emission at 976 nm, short fiber pieces were excited with a pulsed diode laser (915 nm, 500 mW) with rectangular pulses of 100 ms and a trailing edge slope of less than 5 µs. The pump light was filtered out by using several long pass filters centered at 950 nm and the generated and transmitted fluorescence emission at 976 nm was detected using a photomultiplier with a large sensitive area. Fluorescence decay curves were measured and evaluated. The decay curves were described well by a single exponential fit as shown in Figure 8 , and fluorescence lifetimes of around 0.88 ms were obtained for both compositions. The measured lifetimes of our fibers were comparable with the fluorescence lifetime of a commercial fiber (Nufern: LMA-YDF-25/250-VIII) (Nufern, East Granby, CT, USA), for which a lifetime of 0.91 ms was measured. This indicates that there is no significant quenching in the overall fluorescence intensity of Yb due to clustering. The lifetime results are summarized in Table 5 . Table 5 . 
Laser Properties
Due to its better optical properties, namely the lowest transmission loss, the B1200 fiber was characterized with a continuous-wave (CW) free-space laser setup. The fiber features a core NA of 0.073 and was coated with low-index coating, resulting in a double cladding fiber with an innercladding NA of 0.48. For pumping the Yb-doped fiber, we used cladding-pumping, which relaxes the requirements on pump beam quality and launch alignment. Another reason for the use of claddingpumping is to allow a much higher incident pump power than that which could be tolerated by the core alone, for damage reasons.
For the cladding-pumping configuration, the absorption per unit length of pump light travelling in the inner cladding, without further measures, can be estimated by a factor approaching the ratio of the areas of the inner cladding and the core, compared to direct core-pumping. However, this reduced absorption per unit length can be simply compensated by using a combination of longer fiber length and a pump wavelength where there is strong pump absorption. In Yb-doped silica fiber, the highest peak absorption occurs at 976 nm.
The experimental setup is shown in Figure 9 . We used a forward pumping scheme with a fiberpigtailed LD with a silica fiber (NA 0.22) operating at 976 nm with output power up to 15 W. The yellow and red arrows in the experimental setup represent the pump beam and the signal beam, respectively. The pump beam was coupled into the double-clad Yb-doped fiber using collimating and a focusing lenses, through a dichroic mirror (M ) with high transmission (HT) at the pump wavelength at 976 nm and high reflection (HR) at the signal wavelength at around 1030 nm. On the output arm of the laser cavity, a feedback was provided by the Fresnel reflection from the cleaved fiber end.
The output signal from the Yb-doped fiber was separated from the pump beam using another dichroic mirror (M ). Additional long pass filters centered at 1000 nm were used to make sure that no residual pump wavelength is in the signal beam. Finally, the spectrum of the laser output signal was measured by an Ocean Optics USB4000 spectrometer (Ocean Optics, Dunedin, FL, USA). The laser output spectrum of the fiber is shown in Figure 10 . 
Due to its better optical properties, namely the lowest transmission loss, the B1200 fiber was characterized with a continuous-wave (CW) free-space laser setup. The fiber features a core NA of 0.073 and was coated with low-index coating, resulting in a double cladding fiber with an inner-cladding NA of 0.48. For pumping the Yb-doped fiber, we used cladding-pumping, which relaxes the requirements on pump beam quality and launch alignment. Another reason for the use of cladding-pumping is to allow a much higher incident pump power than that which could be tolerated by the core alone, for damage reasons.
The experimental setup is shown in Figure 9 . We used a forward pumping scheme with a fiber-pigtailed LD with a silica fiber (NA 0.22) operating at 976 nm with output power up to 15 W. The yellow and red arrows in the experimental setup represent the pump beam and the signal beam, respectively. The pump beam was coupled into the double-clad Yb-doped fiber using collimating and a focusing lenses, through a dichroic mirror (M 1 ) with high transmission (HT) at the pump wavelength at 976 nm and high reflection (HR) at the signal wavelength at around 1030 nm. On the output arm of the laser cavity, a feedback was provided by the Fresnel reflection from the cleaved fiber end.
The output signal from the Yb-doped fiber was separated from the pump beam using another dichroic mirror (M 2 ). Additional long pass filters centered at 1000 nm were used to make sure that no residual pump wavelength is in the signal beam. Finally, the spectrum of the laser output signal was measured by an Ocean Optics USB4000 spectrometer (Ocean Optics, Dunedin, FL, USA). The laser output spectrum of the fiber is shown in Figure 10 . By cladding-pumping at 976 nm in 2.13 m of fiber length of fiber B1200, an absorbed pump power of 55% (including losses) was obtained. This gives an absorption coefficient of 1.63 dB/m. Considering the Yb concentration in the fiber and the overlap factor between the pumped and doped area (cladding pumped), the absorption cross section was estimated to be around 1.45 pm , which is in good agreement with the absorption cross section of other Yb-doped alumino-phospho-silicate glasses found in literature [57, 58] . With respect to the absorbed pump power in 2.13 m of fiber length, a slope efficiency of 67% was achieved for fiber B1200. The laser output power at the signal wavelength versus the absorbed pump power is shown in Figure 11 . By cladding-pumping at 976 nm in 2.13 m of fiber length of fiber B1200, an absorbed pump power of 55% (including losses) was obtained. This gives an absorption coefficient of 1.63 dB/m. Considering the Yb concentration in the fiber and the overlap factor between the pumped and doped area (cladding pumped), the absorption cross section was estimated to be around 1.45 pm , which is in good agreement with the absorption cross section of other Yb-doped alumino-phospho-silicate glasses found in literature [57, 58] . With respect to the absorbed pump power in 2.13 m of fiber length, a slope efficiency of 67% was achieved for fiber B1200. The laser output power at the signal wavelength versus the absorbed pump power is shown in Figure 11 . Figure 10 . Laser output spectrum of B1200 fiber derived from the sol-gel granulated silica method, with an emission peak at around 1031 nm (log scale).
By cladding-pumping at 976 nm in 2.13 m of fiber length of fiber B1200, an absorbed pump power of 55% (including losses) was obtained. This gives an absorption coefficient of 1.63 dB/m. Considering the Yb concentration in the fiber and the overlap factor between the pumped and doped area (cladding pumped), the absorption cross section was estimated to be around 1.45 pm 2 , which is in good agreement with the absorption cross section of other Yb-doped alumino-phospho-silicate glasses found in literature [57, 58] . With respect to the absorbed pump power in 2.13 m of fiber length, a slope efficiency of 67% was achieved for fiber B1200. The laser output power at the signal wavelength versus the absorbed pump power is shown in Figure 11 . 
Discussion
Two Yb-doped silica glass compositions with fixed Al to P concentration ratio (Al/P = 0. 82) and varying absolute concentration with respect to 0.3 at.% of Yb concentration were prepared by the solgel based granulated silica method. The compositions were drawn into fibers, whose optical characteristics were investigated.
As mentioned in the introduction, the incorporation of co-dopants like Al and P can improve the 
Two Yb-doped silica glass compositions with fixed Al to P concentration ratio (Al/P = 0. 82) and varying absolute concentration with respect to 0.3 at.% of Yb concentration were prepared by the sol-gel based granulated silica method. The compositions were drawn into fibers, whose optical characteristics were investigated.
As mentioned in the introduction, the incorporation of co-dopants like Al and P can improve the solubility of Yb and RE ions in general in silica glass, by forming a solvation shell around the RE ions that can be merged and dissolved in the silica network. To support this, the atomic distribution of the dopant (Yb) and co-dopants (Al and P) was observed using high-resolution atomic imaging and chemical analysis (Figures 4 and 5) . The elemental mappings obtained and their overlaps support this model, as they show the similar preferable localization of Al, P and Yb through the microstructure (Figure 5a,d,g-i) . This is in very good agreement with Arai's suggestion [10] . In addition, the EDX spectra comparing the compositions of cluster-containing and cluster-free zones (Figure 5b,c) confirm the similar localization of Al, P, and Yb. These nano-scale clusters of Yb, Al and P are supposed to be one of the major causes of the optical loss in the manufactured fibers.
The influence of variation in the co-dopant concentration with respect to Yb on the optical properties of the fibers was also investigated. For the fiber B1550, which has a lower excess of P concentration with respect to Al (P-Al = 1 at.%), we observed a decrease in the refractive index compared to the fiber A1550 having P-Al = 2 at.%. This is due to there being a better compensation of the refractive index change arising from the Al by the P, consistent with Bubnov's study on the influence of Al and P on the optical properties of silica fibers [46] .
The transmission losses of the fibers were measured at 630 nm using a cutback method. A large loss increase is observed in the fiber containing a higher excess P concentration. Similar effects have been also observed in [59, 60] , where an additional loss component that extends from the visible to the near infrared region was observed for the compositions that contain excess in P concentration with respect to Al, and it disappears as Al exceeds P concentration. Bubnov in [45, 46] suggests that this increase in the losses is not due to the intrinsic properties of the P 2 O 5 -Al 2 O 3 -SiO 2 system containing excess in P, but its due to Fe impurities. In silica glass, Fe can be present in the form of Fe 3+ and Fe 2+ .
The Fe 3+ ion leads to strong absorption at wavelengths lower than 400 nm [46] . Fe 2+ . in silica glass is characterized by a broad absorption band around 1200 nm, very similar to the one observed in P 2 O 5 -Al 2 O 3 -SiO 2 fibers containing an excess of P 2 O 5 in [45, 46, [59] [60] [61] . The valence of Fe is dependent on many factors, one of them being the fiber composition [46] . Gambling et al. [62] pointed out that Fe impurities in phosphosilicate glasses were particularly undesirable because they had a valence of 2+. Therefore, having an excess in P could enhance the formation of Fe 2+ that leads to a broad absorption band around 1200 nm. To test whether Bubnov's study supports the trend observed in our samples [46] , the impurity concentration of Fe was measured by the means of LA-ICP-MS. Significant Fe concentration ranges from 9 to 18 ppm was found in both compositions, and is already contained within the precursors (i.e., not introduced due to any powder post-processing step). While this supports Bubbnov's suggestion, further measurements and investigations are needed for confirmation. Further improvement in the transmission properties were obtained when the temperature of the heat treatment of the powder derived from the sol-gel was reduced from 1550 • C to 1200 • C. This is most probably due to the growth of crystals (e.g., cristobalite for SiO 2 ) at 1550 • C which results in higher scattering losses.
The fluorescence lifetime of the upper-level excited state of Yb has been measured for the two compositions. The similar behavior in the fluorescence lifetime for the two compositions shows that the atomic distribution of the Yb dopant is not significantly influenced by the variation of a fixed Al to P concentration ratio with respect to Yb concentration, as long as the Al to Yb and/or P to Yb concentration ratio is greater than 10 and 15, respectively.
Finally, the laser characteristics of the B1200 fiber were measured. Using cladding-pumping at 976 nm in 2.13 m of fiber length, 55% of absorbed pump power at 976 nm and a slope efficiency of 67% with respect to the absorbed pump power at 1031 nm were achieved. The limited slope efficiency could be a result of the high transmission losses in the fiber due to impurities, in combination with non-radiative transitions that occur due to the Yb nano-clusters shown in the STEM-HAADF images.
Conclusions and Outlook
We have shown the advantages of the sol-gel based granulated silica method regarding the flexibility and simplicity of incorporating dopant and co-dopants at room temperature, by preparing Yb-doped, Al and P co-doped silica fibers.
The dependence of the fiber properties on the Al and P concentrations, as well as on the powder heat treatment condition, have been studied. With the results presented here and the previous investigation reported in [43] , first comparisons can be made and conclusions drawn concerning the behavior of Yb in the glass host P 2 O 5 -Al 2 O 3 -SiO 2 with different Al and P concentrations. Improved Yb solubility, which leads to a longer excited state lifetime and better laser characteristics, have been obtained for compositions that contain a slight excess in P concentration with respect to Al [43] . However, as the excess in P concentration increases, higher transmission losses were observed. The reasons behind this increase in the transmission losses is not clear yet, but one valid assumption could be due to Fe 2+ impurities in the samples. Additional losses due to large scattering centers along the fiber were present in the composition that was heat treated at 1550 • C. By lowering the temperature of the heat treatment to 1200 • C, less scattering centers were observed. These components are featured in B1200 fiber with composition of 0.3 at.% Yb, 4.5 at.% Al and 5.5 at.% P, and heat treated at 1200 • C. When pumping this fiber with a LD at 976 nm, a slope efficiency of 67% at around 1031 nm was achieved. Finally, additional work is currently going on in order to further improve the distribution of the dopant and co-dopants in our fibers. This would prevent the formation of the nano-clusters, in turn reducing the probability of the non-radiative transitions, and thus improving the laser slope efficiency. In addition, further measures are to be taken in order to reduce the transmission losses in our fibers, such as reducing and eliminating the impurities that we have detected in our samples (namely the iron), by using high purity starting materials.
